Oxidative stress generated during inflammation is associated with a wide range of pathologies. Resveratrol (RESV) displays anti-inflammatory and antioxidant activities, being a candidate for the development of adjuvant therapies for several inflammatory diseases. Despite this potential, the cellular responses induced by RESV are not well known. In this work, transcriptomic analysis was performed following lipopolysaccharide (LPS) stimulation of monocyte cultures in the presence of RESV. Induction of an inflammatory response was observed after LPS treatment and the addition of RESV led to decreases in expression of the inflammatory mediators, tumor necrosis factor-alpha (TNF-α), interleukin-8 (IL-8), and monocyte chemoattractant protein-1 (MCP-1), without cytotoxicity. RNA sequencing revealed 823 upregulated and 2098 downregulated genes (cutoff ≥2.0 or ≤−2.0) after RESV treatment. Gene ontology analysis showed that the upregulated genes were associated with metabolic processes and the cell cycle, consistent with normal cell growth and differentiation under an inflammatory stimulus. The downregulated genes were associated with inflammatory responses, gene expression, and protein modification. The prediction of master regulators using the iRegulon tool showed nuclear respiratory factor 1 (NRF1) and GA-binding protein alpha subunit (GABPA) as the main regulators of the downregulated genes. Using immunoprecipitation and protein expression assays, we observed that RESV was able to decrease protein acetylation patterns, such as acetylated apurinic/apyrimidinic endonuclease-1/reduction-oxidation factor 1 (APE1/Ref-1), and increase histone methylation. In addition, reductions in p65 (nuclear factor-kappa B (NF-κB) subunit) and lysine-specific histone demethylase-1 (LSD1) expression were observed. In conclusion, our data indicate that treatment with RESV caused significant changes in protein acetylation and methylation patterns, suggesting the induction of deacetylase and reduction of demethylase activities that mainly affect regulatory cascades mediated by NF-кB and Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling. NRF1 and GABPA seem to be the main regulators of the transcriptional profile observed after RESV treatment. Abbreviations: APE1/Ref-1, apurinic/apyrimidinic endonuclease-1/reduction-oxidation factor 1; BER, base excision repair; LPS, lipopolysaccharide; RESV, Resveratrol, 3,4′,5-trihydroxy-trans-stilbene, 5-[(1E)-2-(4-hydroxyphenyl)ethenyl]-1,3-benzenediol; IL, interleukin; TNF, tumor necrosis factor; NF-ĸB, nuclear factor kappa B; AP1, activator protein 1; HIF-1α, hypoxia-inducible factor 1α; LSD1, lysine-specific histone demethylase-1; H3K9, histone H3 lysine 9; ROS, reactive oxygen species; SIRT, sirtuin; PPI, protein-protein interaction
Introduction
Maintaining the balance between oxidants and antioxidants is important to avoid oxidative stress. Inflammatory responses are related to intracellular redox status, oxidative stress, and diseases, such as cancer, neurodegeneration, and infectious diseases, which are linked to DNA damage due to the high levels of reactive oxygen species (ROS) that can be produced [1] [2] [3] [4] [5] .
The base excision repair (BER) pathway is considered a major pathway for the repair of ROS-induced damage, such as oxidized bases, single strand breaks, and apurinic/apyrimidinic (AP) sites. Apurinic/ apyrimidinic endonuclease-1/reduction-oxidation factor 1 (APE1/Ref-1) is a multifunctional enzyme that contributes to BER and redox activation of transcription factors (TFs), such as nuclear factor-kappa B (NF-ĸB), activator protein 1 (AP1), p53, and hypoxia-inducible factor 1α (HIF-1α), the last by the redox activation of its N-terminal region [6] [7] [8] . APE1/Ref-1 was found to regulate the inflammatory response in macrophages via NF-ĸB and AP-1. NF-ĸB is one of the transcriptional factors that regulate c-Fos expression and AP-1 activity through the level of ETS-like gene 1 (ELK-1) [9, 10] .
Both the endonuclease and transcription factor binding activities of APE1/Ref-1 result in increased resilience of cells to proapoptotic stimuli (reviewed in [11] ). Resveratrol (RESV), a naturally occurring polyphenolic compound found in red wine and grapes, reportedly affects the redox activity of APE1/Ref-1 [12] [13] [14] [15] . RESV was shown to inhibit the redox and endonuclease activities of APE1/Ref-1 in in vitro assays. However, treating cells with RESV does not result in a decrease in AP endonuclease activities, which may reflect the lack of specificity or binding affinity of this compound to the APE1/Ref-1 protein in cells [15] . Therefore, the effects of RESV on the AP endonuclease activity of APE1/Ref-1 remain unclear.
RESV is a phytoalexin, cyclooxygenase (COX) suppressor, and activator of peroxisome proliferator-activated receptor (PPAR) and sirtuin 1 (SIRT1). RESV is produced by plants in response to various environmental stresses, such as pathogens and ultraviolet (UV) radiation, and it promotes resistance to environmental stress (reviewed in [16] ). Therefore, RESV is an attractive compound for biomedical studies because it is associated with reduced risks of lifestyle-related diseases, including cancer, diabetes, cardiovascular diseases, neurodegenerative diseases, and metabolic disorders (reviewed in [17] ).
RESV affects inflammation by downregulating the inflammatory response, which includes the inhibition of pro-inflammatory mediators and transcription factors [18, 19] . RESV can also act by modulating important epigenetic targets such as DNA methyltransferases (DNMTs), histone deacetylases (HDACs), and lysine-specific histone demethylase-1 (LSD1) (reviewed in [20] ).
This natural compound is also an activator of the sirtuins, class III deacetylases that require NAD + as a cofactor [21] and play a role in gene silencing, stress resistance, aging, and inflammation. There are seven different sirtuins, with SIRT1 being the most studied in mammals and whose effect on the acetylation of Lys9 and Lys14 of histone H3 (H3K9 and H3K14, respectively) and Lys16 of histone H4 (H4K16) has been described previously [22] [23] [24] [25] [26] [27] .
In the present study, transcriptomic analysis was performed to identify mechanisms associated with the regulation of inflammatory responses by RESV, since a better understanding of these molecular events may be useful in designing new therapeutic strategies. Our findings provide a comprehensive view of the changes in the lipopolysaccharide (LPS)-induced U937 monocyte transcriptome in the presence of RESV. The results suggest that RESV can change the acetylation pattern of proteins, such as APE1/Ref-1, regulating the activation of transcription factors during the inflammatory response.
Materials and methods

Cell cultures, inflammatory stimulus, and RESV treatment
U937 monocytic cells (ATCC ® CRL1593.2) were grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco), supplemented with 44 mM sodium bicarbonate (NaHCO 3 ) (Sigma), enriched with 10% fetal bovine serum (Gibco) and 1% antibiotic solution (Sigma), and maintained in an atmosphere of 5% CO 2 at 37°C (Thermo Fisher Scientific, Loughborough, UK). Cells were seeded in 6-or 24-well plates at 5 × 10 6 and 3 or 5 × 10 5 cells/well, respectively, and then stimulated with 1 μg/ml LPS (Sigma -L2654) for 2, 4, 6, and 24 h to determine the peak inflammatory response. To evaluate the effect of RESV (Sigma -R5010) on inflammation, the cells were first stimulated with LPS for 24 h and then co-incubated with RESV (15 μM) for 4 h. For the analysis, the groups were classified as unstimulated (control), LPS-stimulated (LPS), and LPS + 15 μM RESV (LPS/RESV) cells. Concentrations of 30 and 50 μM RESV were used in some experiments. In order to test if the response to RESV 15 µM treatment is U937 -specific or is common to other cells types, the U251MG lineage was used as a control. U251MG glioblastoma cells (ATCC® HTB-17™) were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco), 1% Lglutamine (200 mM, Sigma), 10% fetal bovine serum (Gibco), and 1% antibiotic solution (Sigma), maintained in an atmosphere of 5% CO 2 at 37°C and treated with LPS and RESV under the same conditions cited above.
Cell viability assays
U937 cells (3 × 10
5 cells/well) were cultured in triplicate following the treatments described above. After treating first with LPS for 24 h and then co-treating with RESV (15 μM) for 4 h, the cells were stained with Trypan Blue (0.05% solution) [28] . The counting of live and dead cells was performed with a hemocytometer under an inverted microscope (Olympus CKX41). The viability was recorded as the ratio of the number of viable cells to the number of total cells. Apoptosis was detected using the Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences − 556547) with fluorescence-activated cell sorting (FACS) in three independent experiments. After treatment of 3 × 10 5 cells/well, the cell pellet was resuspended in 1 × binding buffer and double stained with annexin V-FITC (A5) and propidium iodide (PI) for 15 min at room temperature, protected from light. The fluorescence was measured at 488 nm excitation and 510 nm emission using an argon ion laser. A total of 10,000 events were captured with the FACSCanto™ II system (Becton Dickinson -Biosciences) and the results were analyzed using FlowJo 7.6.4 software (Treestar Ashland, USA). Alterations in mitochondrial function were evaluated by the incorporation of Rhodamine 123 (Rh123) (Sigma-Aldrich), a cationic fluorescent dye specific to mitochondria. In summary, after treatment, the cells were resuspended in ice-cold phosphate-buffered saline (PBS) and incubated with 10 μg/ml Rh123 for 30 min at 37°C in the dark. For FACS analysis, 30,000 events for each sample were analyzed using the FACSCanto™ II (BD Biosciences) system with a wavelength of 488 nm for excitation and 525 nm for emission, as proposed by Li et al. [29] . The analysis was performed using FlowJo 7.6.4 software (Treestar Ashland, USA) with three independent experiments.
Cytokine analysis
U937 cells (3 × 10
5 cells/well) were seeded in triplicate. The cytokines/chemokines assessed were tumor necrosis factor-alpha (TNF-α), interleukin (IL)− 8/C-X-C motif chemokine ligand 8 (CXCL8), IL-6, IL-10, C-C motif chemokine ligand (CCL)2/monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein (MIP)− 1α/ CCL3, and MIP-1β/CCL4 with the Human cytokine LINCOplex™ Kit (HCYTO-60k, Lincoplex ® , Linco Research Inc., St Charles, MA, USA) and were analyzed using the Bio-Plex ® 200 (Bio-Rad) suspension array system. The samples were processed and measured according to the manufacturer's instructions. All measurements were fit to a parametric logistic curve using the Bio-Plex ® manager 4.0 software and expressed in pg/ml.
RNA extraction
Total RNA for genome-wide RNA sequencing was extracted from U937 cells, which had been treated as described above, using the Illustra™ RNAspin Mini RNA Isolation kit (GE Healthcare, Little Chalfont, United Kingdom) following the manufacturer's instructions. The mRNA was extracted using an mRNA Isolation Kit (Roche Life Science), following the manufacturer's instructions. The mRNA quality and quantity were evaluated using the Agilent 2100 Bioanalyzer (RNA 6000 Nano, Agilent Technologies, Waldbronn, Germany) and NanoVue™ spectrophotometer (GE healthcare, Sweden), respectively. cDNA was synthesized using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems Foster, CA). Total RNA extractions for transcriptome validation and qPCR were performed using the Illustra™ TriplePrep Kit (GE Healthcare) according to the manufacturer's instructions.
Quantitative PCR
qPCR was performed using gene-specific primers (Supplementary data, Table S1 ), aiming to validate the transcriptome data, measure the expression of inflammatory mediators. The reactions were prepared using Power SYBR ® Green PCR Master Mix (Life Technologies) and were run on the Applied Biosystems StepOne™ Real-Time PCR system. For qPCR analysis, the reaction mixtures, each containing specific primers, 1 × Quantifast SYBR Green PCR master mix, and 10 ng of template cDNA in a 10 μl reaction volume, were subjected to initial denaturation of 95°C for 5 min followed by 45 cycles of 60°C for 1 min, and a final melt curve analysis with 45°C ramping. Each assay was repeated three times and the cycle threshold (Ct) value for each target gene was normalized to that of GAPDH (the housekeeping gene). Gene expression was quantified using the 2 -ΔΔCT method, wherein ΔCT= average CT of target gene − average CT of endogenous control, and ΔΔCT= ΔCT of sample (LPS/RESV) − ΔCT of sample (LPS) [30] . The specificity of the SYBR-green signal was confirmed by the presence of a single, sharp melting peak for every PCR run.
Transcriptome analysis
cDNA libraries (5 μg each) were sequenced using the 454 GS FLX Titanium platform (Roche 454 Life Sciences, Branford, CT, USA) according to the manufacturer's instructions. The sequencing data were aligned against the RefSeq database of human expressed sequences, provided by the University of California Santa Cruz (website: hgdowload.soe.ucsc.edu/goldenPath/hg19/bigZips/ref Mrna.fa.gz, accessed in January 30, 2014). The alignment was carried out using the BLAT alignment tool [31] and the results were filtered using the pslCDnaFilter tool (UCSC -available at http://hgdownload.cse.ucsc.edu/ admin/exe/), with a minimum identity of 98%, minimum coverage of 90%, and considering one alignment by sequence. All sequences matching ribosomal RNA (rRNA) were excluded. Fold change analyses were performed using normalized counts-per-million (CPM), calculated by gene count reads (Xi) and total sample reads (N): CPM=(Xi/ N)* 10^7. Fold changes were obtained for LPS/RESV compared to those of LPS treatment alone. Only genes that were differentially expressed > 2-fold were considered for further bioinformatic analysis. Gene ontology analysis was carried out with the PANTHER online tool (http://pantherdb.org/, [32] ), using Fisher's exact test with false discovery rate (FDR) correction for enrichment analysis.
The lists of upregulated (fold > 2) and downregulated (fold < −2) genes were submitted to the STRING 10.5 database (http://string-db. org/), searching for protein-protein interaction (PPI) networks. Default parameters were used without expansion. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was also accessed by the STRING 10.5 tool, using FDR tests with p-values < 0.05 considered statistically significant [33] . This tool enabled us to construct and visualize the most important networks affected by RESV treatment. The results of PPI analyses were visualized and analyzed using Cytoscape software (version 3.5.1; www.Cytoscape.org/) [34] . To detect subnetworks or clusters of proteins that could represent distinct biologic processes, the Molecular Complex Detection (MCODE) plugin for Cytoscape was used, with scores ≥ 2.5 considered significant [35] . The centrality parameters of each node (Node degree and Betweenness) were accessed through the cytoHubba plugin [36] .
Gene ontology (GO) analyses of these subnetworks were performed using the Biological Network Gene Ontology (BiNGO) plugin, in which biological process categories were described for each cluster with significance assessed (p value) by hypergeometric distribution. A multiple test correction was applied using an FDR algorithm, considering a significance level of p < 0.05 [37] .
To identify the master regulators of the networks, the iRegulon plugin for Cytoscape was used. The parameters used were a minimum identity between orthologous genes = 0.05, maximum FDR for motif similarity = 0.001, and normalized enrichment score ≥ 4.0 [38] .
SIRT1 activity assay
SIRT1 deacetylase activity was analyzed using the fluorometric SIRT1 Assay kit (Sigma, CS1040) according to the manufacturer's instructions. Briefly, U937 cells treated with LPS, LPS/RESV, or RESV were lysed in NETN buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40/IGEPAL ® , 50 mM β-glycerophosphate, and protease inhibitors (Roche). The protein concentrations were measured by the Bradford method [39] , and the assays were performed by incubating 30 µg of protein extract with SIRT1 substrate (S9821) at 37°C for 30 min. After addition of the developing solution (D5068) and incubation at 37°C for 10 min, the fluorescence intensity was measured at 460 nm emission (excitation at 360 nm) using a fluorescence plate reader (GloMax ® -Multi Detection System, Promega) and normalizing to total protein content. A standard curve was created using the standard solution (S9946) provided in the assay kit.
Co-immunoprecipitation and western blotting analysis
U937 cells (10 6 cells/well) were cultured in triplicate and treated with LPS or LPS/RESV as previously mentioned. Cross-linking was carried out with 1% formaldehyde for 10 min and the reaction was stopped by adding 0.1 M glycine for 5 min on ice. The cell pellets were then incubated in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 1 × protease inhibitor cocktail) for 10 min at room temperature. Each lysate was incubated for 16 h in 1 × dilution buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, and 0.2% Triton X-100) containing anti-acetylated lysine antibody (SC-32268) overnight. Afterward, the lysates were incubated with Sepharose G beads (GE Healthcare) for 90 min and centrifuged and washed 3 times with dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 167 mM NaCl). Laemmli loading buffer was added to each immunoprecipitate for 10 min and analyzed by western blotting [40] . For quantification, the data were normalized using IgG heavy chain as a loading control. Protein extraction from U937 cells (10 6 cells/well) was achieved by disrupting the cells with lysis buffer (5 M NaCl, 1 M Tris-HCL, 10% SDS, 0.1 μg/ml Benzonase (Sigma), and protease inhibitors (RD systems)). Approximately 20-40 µg/sample was loaded onto SDS-PAGE gels, separated by electrophoresis, and blotted onto polyvinylidene difluoride (PVDF) membranes. Henceforth, they were blocked for 1 h in 5% dry milk dissolved in 1 × PBS with 0.1% Tween-20 (PBST). All antibodies were diluted in blocking solution (1% milk in PBST). The membranes were incubated overnight at 4°C with primary antibodies against APE1/Ref-1 (SC − 17774, 1:1000), NF-ĸB/p65 (Millipore − 3026, 1:1000), LSD1 (Millipore -05939, 1:1000), H3K9 (Millipore -07441, 1:1000), or β-actin (SC − 47778, 1:1000), washed, and then incubated for 1 h with secondary antibodies at room temperature (horseradish peroxidase-conjugated anti-mouse (RD Systems -HAF018, 1:1000) or anti-rabbit (RD Systems -HAF008, 1:1000) antibodies). After antibody incubation and washing, the membranes were exposed to ECL Prime Western Blotting Detection Reagent (Amersham) and the images were captured using a ChemiDoc™ System (Bio-Rad) [41] .
Immunofluorescence
To determine APE1/Ref-1 and NF-ĸB/p65 subcellular localization, U937 cells (5 × 10 5 cells/well) were treated with LPS or LPS/RESV, as described above. After treatment, the cells were centrifuged, washed with phosphate buffer solution (PBS), and fixed with 3% paraformaldehyde (PFA) for 15 min at room temperature. Then, three additional washes with cold PBS were performed and the cells were deposited on poly-L-lysine-coated cover slips for 30 min at room temperature. The cells were then incubated with PBS containing 0.5% Triton X-100 for 15 min and washed with PBST. Afterward, the cells were incubated with anti-APE1/Ref-1 (sc-17774 -Santa Cruz Biotechnology, USA) and anti-NF-ĸB /p65 (sc-8008 -Santa Cruz Biotechnology, USA) antibodies for 1 h. After three washes with PBST, the cells were incubated for 1 h in the dark with fluorescein isothiocyanate (FITC)-conjugated secondary antibody, and the nuclei were subsequently stained with 4',6-diamidino-2-phenylindole (DAPI) (Sigma). The coverslips were analyzed under a fluorescence microscope (Olympus, San Diego, CA, USA) at a 1000 × magnification.
Determination of antioxidant enzymes
The antioxidant enzymes peroxiredoxin (PRX2), superoxide dismutase 1 and 2 (SOD1 and 2), catalase (CAT), and thioredoxin (TRX1) were measured using a Milliplex Human Oxidative Stress Magnetic Bead Panel (Catalog no. HOXSTMAG-18K, EMD Millipore, Merck, Darmstadt, Germany). Protein extracts from U937 cells were obtained using the Illustra™ TriplePrep Kit (GE Healthcare) as previous described and adjusted to 0.8 mg/ml. U937 cells treated with LPS and U937 cells treated with LPS plus an additional incubation with RESV were used. The samples were assayed in duplicate and the plates were analyzed using the Luminex ® system, according to the manufacturer's instructions. The data were reported as mean fluorescence intensities (MFIs). The experiment was repeated at least three times.
APE1/Ref-1 repair activity assay
The inhibitory effect of RESV on the repair activity of APE1/Ref-1 was evaluated using two different assays. The APE1/Ref-1 assay was performed as described by Silva-Portela et al. [42] . The AP endonuclease activity of commercially available APE1/Ref-1 (NEB) was assayed after treatment with RESV (15 µM). The assay is based on the cleavage of double-stranded substrate (dsDNA) that contains an abasic site (AP site) at position 10 (i.e., a 21-mer ds oligonucleotide formed after annealing 5'-Cy5-CGGAATTAAAGXGCAAGACCT-3' and 5'-AGGT CTTGCCCTTTAATTCCG-3'). This 5'-fluorescently labeled oligonucleotide was subjected to standard reactions (20 μl) containing 100 fmol dsDNA, 10 × NEBuffer 4, and RESV (15 µM), in the absence or presence of APE1/Ref-1 (NEB) for 60 min at 37°C. The reactions were terminated by adding 98% formamide and 0.5 M EDTA, followed by heating at 95°C for 3 min. Twenty microliter samples were electrophoresed through a 20% polyacrylamide gel containing 8 M Urea in 1 × TBE buffer at 300 V for 240 min. The reaction products were visualized using the ChemiDoc™ System (Bio-Rad).
The second DNA repair activity assay was performed using depurinated plasmids as AP site substrates. The plasmids were incubated in buffer (20 mM NaOAc, 100 mM NaCl) containing RESV and APE1/ Ref-1 protein, and the conversion from form I (FI, supercoiled DNA) to form II (FII, open-circular DNA) was analyzed assuming a Poisson distribution and using the following equation: X = -In (1.4 x FI / (1.4 x FI + FII). For form I, a correction factor of 1.4 was applied to correct for its lower fluorescence compared with that of form II [43] .
Statistical analysis
The data were evaluated using Prism 5 (GraphPad Software, San Diego, CA, USA). The normality of the data was assessed by Kolmogorov-Smirnov tests. The data are expressed as the means ± SE; the groups were analyzed using one-way or two-way analysis of variance (ANOVA) and individual groups compared with Student's t-test. The results were considered statistically significant when p < 0.05.
Results
Resveratrol does not affect cell viability of U937 cells
The cytotoxic effect of RESV (15 µM) in U937 cells was evaluated by Trypan Blue exclusion. The results show that LPS/RESV is not cytotoxic at this concentration, since 90% of the cells remained viable, similar to that of untreated and LPS-treated cells. We also measured apoptosis levels and no significant variations were observed (Fig. 1) . No significant changes were observed in mitochondrial activity after treatments (Supplementary data, Fig. S1 ).
RESV reduces the expression of inflammatory mediators
The in vitro cellular inflammation model was established after 24 h of LPS stimulation, since upregulation of the inflammatory mediators TNF-α and IL-6 peaked at this time point (Supplementary data, Fig. S2 ). The levels of inflammatory mediators were measured in the culture medium of U937 cells after 24 h of LPS stimulation followed by LPS/ RESV treatment for 4 h (Fig. 2) . LPS treatment induced a significant increase in the levels of cytokines (i.e., TNF-α, IL-8, and MCP-1), whereas a reduction in the protein levels of these cytokines was observed in the presence of RESV. Analysis of TNF-α, IL-8, and MCP-1 mRNA levels was assessed in the U937 and U251 cell lines. LPS/RESVtreated cells showed a significant decrease in TNF-α, MCP-1, and IL-8 mRNA expression in U937 cells (Fig. 2) . However, U251 cells did not show any significant reduction in cytokine expression after LPS/RESV treatment (Supplementary data, Fig. S3 ). Tables S2 and  S3 ).
The top 30 downregulated genes are involved in positive regulation of inflammatory responses, cell cycle arrest, and apoptosis, as well as transcription (Fig. 3A) . Among the most enriched categories identified by PANTHER are genes related to RNA processing, DNA repair, inflammation, and acetylation protein modification (Fig. 3B) . KEGG analysis showed a decrease in pathways associated with neurodegenerative diseases, inflammatory and immune responses, cancer, the proteasome, and RNA processing (Fig. 3C) .
The top 30 upregulated genes are associated with transcriptional control and cellular signaling (Fig. 3D) . The main enriched functional categories among the upregulated genes involved metabolic processes (Fig. 3E) , and any KEGG pathway showed statistical significance.
The expression of five upregulated (CYB5R4, ENDOG, RPS6KC1, PIAS4, RAD54L) and downregulated (NMI, ATM, NCOA1, NDUFV2, EPAS1) genes was evaluated by qPCR analysis. The results show similar expression patterns as observed with RNA sequencing, validating our transcriptome data (Fig. 4A) . To evaluate if RESV has the same effect in the other cell line, the expression of the regulated genes was also analyzed in U251 cells. The results show that the genes upregulated in U937 cells were also upregulated in U251 cells. However, the downregulated genes did not show the same pattern, suggesting cell-specific reponses to RESV treatment (Fig. 4B) .
The up-regulated PPI network included 518 nodes and 1.242 edges (Fig. 5A) . MAPK3, PIK3C3, POLA1, UCKL1, TNF, and POLR2G, proteins with high node degree values, also demonstrated high betweenness values, consistent with hub-bottlenecks (Fig. 5B) . These proteins were linked primarily to transcription, cellular signaling, cell cycle control, and DNA repair. The obtained subnetworks revealed genes related to normal monocyte metabolism with biological processes associated with cell division (Fig. 5C) .
The master transcriptional regulators predicted by iRegulon were ZNF143 and FLI1 in the total upregulated network. In the sub-networks, the regulators HNF1A, ELK1, ETS1, NFYA, NRF1, and YY2 were also observed.
The down-regulated PPI network presented a total of 1.253 nodes and 10.184 edges (Fig. 6A) . The top 12 proteins with the highest node degrees and betweenness values presenting as hub and/or hub-bottleneck proteins were related to the regulation of gene expression (POLR2F, POLR2B), DNA repair (RAD51), cell cycle control and protein modification (IMPDH2, PPP2CA, CDK1, EHMT2, SIRT1), acetyl-CoA (Fig. 6B) . APE1 was not in the top 12 of genes with high node degree values, although it is above the mean value for degree and betweenness. APE1 is an important gene to be considered in our study, since it plays important roles in DNA repair and acts as a redox factor that activates transcription factors. In MCODE analysis, the sub-networks obtained with the highest score were Cluster 1 (score 18.29) with its GO associated with cell cycle control, Cluster 2 (score 17.98) associated with gene expression, and Cluster 3 (score 16.96) related to nucleic acid metabolic processes, including stress response and DNA repair genes (Fig. 6C) . Analysis using the iRegulon tool highlighted NRF1 (nuclear respiratory factor 1) and GABPA (GA-binding protein alpha subunit or nuclear respiratory factor-2 subunit alpha) as the master regulators in the PPI downregulated network. These regulators are also identified in the sub-networks (Clusters 1-3 ). In addition, other regulators were predicted, such as ELK1 and the E2F family.
Resveratrol decreases protein acetylation patterns
Several genes identified in the trancriptome analysis are associated with protein modification and RESV is described as being able to increase SIRT1 activity (reviewed in [16] ). The SIRT1 gene is downregulated < 2-fold in our transcriptome and is a protein with a high value of betweenness. Therefore, we evaluated SIRT1 activity by assay kit and its gene expression by qPCR. Although a trend toward increased SIRT1 activity was observed, a statistical difference was not obtained among the groups evaluated. This result can be attributed to the low dose used in our study as well as the treatment time (Fig. 7A) . Regarding the qPCR assays, a reduction in SIRT1 expression of about 30% was observed when compared to LPS treatment, although it was not statistically significant. A dose-response effect on RESV treatments was also not observed, suggesting the dose used in our study is already sufficient for SIRT1 gene expression decrease (Supplementary data, Fig.  S4 ).
Using a co-immunoprecipitation assay, the protein acetylation pattern was investigated. A decrease in acetylated proteins was observed in U937 cells treated with LPS/RESV compared to that in LPS-treated cells (p = 0.0221) (Fig. 7B) (Fig. 7C) . This may indicate a role of RESV in epigenetic regulation via post-translational modifications, with a significant role in the regulation of gene expression.
Effect of RESV on expression of proteins present in the transcriptome
We also assessed the level of certain proteins by immunoblotting (Fig. 8A-E) . Regarding the APE1/Ref-1 protein level, no significant difference was observed (Fig. 8B) . However, NF-ĸB (p65) showed higher protein expression in the LPS-stimulated cells than in the LPS/ RESV-treated cells (p = 0.0265) (Fig. 8C) . Considering the effect on protein acetylation, we also evaluated histone methylation patterns, since methyltransferases and demethylases showed expression variations in our transcriptome analysis, mainly members of the lysine demethylase (KDM) family. Despite an observed reduction in LSD1 (KDM1A) protein expression, statistical significance was not obtained (Fig. 8D) . However, an increase in methylated H3K9 was observed in LPS/RESV cells compared to that in LPS-stimulated cells (p = 0.0349) (Fig. 8E) . (Fig. 9) . Analysis of p65 gene expression at different doses of RESV (15, 30 and 50 μM) showed no significant difference when compared to LPS treatment, suggesting a possible posttranscriptional regulation (Supplementary data, Fig. S5 ).
RESV promotes antioxidant enzyme reduction
To determine whether RESV treatment affects cellular oxidant status, the activities of antioxidant enzymes were measured. In U937 cells, it was observed that RESV treatment significantly reduced the levels of SOD2 (p = 0.022), PRX2 (p = 0.049), CAT (p = 0.005), and TRX (p = 0.005) compared with levels in cells treated with LPS alone (Fig. 10A and B) . However, SOD1 was not significantly different between treatments (p = 0.37) (Fig. 10B) .
RESV does not inhibit APE1/Ref-1 repair activity
Since RESV inhibited the expression of several cytokines and this may be caused by the inhibition of APE1/Ref-1 transcriptional activity, it was important to evaluate whether RESV (15 µM) has any effect on the DNA repair activity of APE1/Ref-1. RESV treatment did not affect the DNA-repair AP endonuclease activity of APE1/Ref-1, since substrate cleavage was detected by both methodologies used to measure endonuclease activity (Fig. 11A and B) .
Discussion
RESV has been considered a suitable candidate for adjuvant therapy due to its antioxidant and cell protective effects in a variety of pathologies, such as cancer, cardiovascular diseases, and neurological diseases [44] [45] [46] [47] . Although the anti-inflammatory activity of RESV has been described, the mechanisms involved are not well characterized [48] . Our study demonstrated that RESV at 15 µM did not affect cell viability after LPS stimulation. Cell proliferation was observed in the presence of RESV at 10 and 20 µM, but at higher concentrations, a decrease in cell viability was seen [49] . A previous study using HCE7, Bic-1, Seg-1, SW480, MCF7, and HL60 cell lines showed that RESV can cause growth inhibition in a dose-dependent manner from doses greater than 50 µM [50] .
We also observed alterations in the levels of important inflammatory cytokines (i.e., TNF-α, IL-8, and MCP-1) after RESV treatment. These results agree with those of previous studies, in which RESV attenuated the production of IL-8 and impaired TNF-α and IL-6 expression in RAW264.7 and THP-1 cells [51, 52] . However, we also evaluated U251 cells, a glioblastoma cell line, which did not show changes in the expression patterns of the inflammatory mediators after RESV treatment. Fabbri et al. observed elevated levels of cytokines in the secretome profile of this cell line [53] , which could have influenced its transcriptional response to RESV treatment.
In our work, the upregulated genes were associated with transcription, cell division, macromolecule modification, and RNA metabolic processes. Comparable results were found previously in the transcriptome of monocytes and monocyte-derived macrophages in the presence of macrophage colony-stimulating factor (M-CSF) [54] . The prediction of potential master regulators revealed Friend leukemia integration 1 transcription factor (FLI1) and zinc finger protein 143 (ZNF143) as the main transcription factors. FLI1 is a regulator involved in cell growth and differentiation of hematopoietic cells [55, 56] . The protein level of FLI1 is increased in macrophages after LPS stimulation; it is involved in IL-27 production [57] and is an activator of CXCL2 (MIP-2α) in an additive manner with the p65 (RelA) subunit of NF-κB under LPS stimulation [58] . FLI1 is acetylated by p300/CBP-associated factor (PCAF) and this decreases FLI1 protein stability and DNA-binding activity [59] . Therefore, the deacetylation observed in our work may increase FLI1 binding to its target promoters. ZNF143 is also associated with cell differentiation, being an important activator of CCAAT-enhancer-binding protein alpha (C/EBPα) in myeloid cells [60] . Thus, our upregulated genes seem to be associated with cell growth and differentiation under the inflammatory stimulus.
Our downregulated gene list contains proteins involved in the regulation of transcription, protein modification, inflammation, and cell cycle arrest/apoptosis. GABPA and NRF1 were identified as the main regulators of this gene set. These proteins are transcriptional regulators of mitochondrial function and biogenesis. During inflammatory responses, the production of pro-inflammatory cytokines and chemokines impacts the mitochondria and their energy balance [61, 62] . LPS-stimulated Toll-like receptor 4 (TLR4) signaling through NF-κB can cause upregulation of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), NRF1, and GABPA. Thus, the increase in mitochondrial biogenesis and antioxidant defenses mediated by NRF1 and GABPA are important to mitigate cellular inflammatory damages [63] [64] [65] . In our study, RESV treatment significantly decreased p65 18.29) shows GO related to cell cycle control, Cluster 2 (score 17.98) is associated with gene expression, and Cluster 3 (score 16.96) is related to nucleic acid metabolic processes, which includes stress response and DNA repair genes. The master regulators predicted by the iRegulon tool are highlighted in yellow, target genes in red, and downregulated genes without motifs for the master regulators in blue. PPI, protein-protein interaction. expression and reduced the activities of the antioxidant enzymes SOD2, PRX2, CAT, and TRX.
Although we did not obtain a statistical difference in the enzymatic activity of SIRT1 between treatments, a trend of increased SIRT1 activity in the presence of RESV was observed, which may be due to the low dose of RESV used. Several studies have shown that RESV activates SIRT1, which deacetylates several proteins. In fact, our data showed a reduction in the general protein acetylation pattern of U937 cells, including a reduction in acetylated APE1/Ref-1, a well-known target of SIRT1. APE1/Ref-1 also stimulates the activity of SIRT1. Indeed, there is an intrinsic crosstalk between SIRT1 and APE1/Ref-1 [66] [67] [68] . An in silico study suggested that RESV could bind to the redox domain of APE1/Ref-1, inhibiting its redox function [15] , which had not been experimentally confirmed until now. Thus, the effect of RESV on APE1/ Ref-1 can occur via a deacetylation mechanism.
APE1/Ref-1 is acetylated by p300, which increases its interaction with HDAC1 and its binding capacity for gene promoters [69, 70] . Sengupta et al. (2016) demonstrated the HDAC1 ability to catalyze the deacetylation of acetylated APE1/Ref-1 in vitro. These authors generated AcAPE1 by incubation with purified recombinant wild type APE1/ Ref-1 with p300 HAT domain, and confirmed acetylation by WB analysis using AcAPE1 specific antibody. In addition, the incubation of AcAPE1 with affinity-purified FLAG-HDACs was carried out, which showed the action of HDAC1 [71] . This deacetylase is also stimulated by RESV (reviewed in [20] ).
APE1/Ref-1 acetylation has been observed to occur after its binding to abasic sites, favoring the recruitment of other BER proteins [72] . The occurrence of 8-oxoguanine in promoter regions and recruitment of BER proteins have been described as events associated with transcriptional regulation [73] [74] [75] In contrast, RESV (15 µM) treatment did not affect p65 translocation since this NF-κB subunit was maintained in nucleus. Literature had been shown that NF-κB can mediate the synthesis of many proinflammatory genes, such as TNF-α, IL-1β, IL-6, and IL-8 [81] , and these cytokines can induce its translocation from the cytoplasm to the nucleus [82, 83] . Here we found that although the proinflammatory cytokine levels were decreased after RESV treatment, corroborating with the lower levels of p65 protein observed by WB analysis, this subunit of NF-κB was kept in nucleus. Taken together, these results suggest that RESV was able to affect the p65 protein level and maybe its cell translocation. Kiernan et al. [84] obtained data showing that acetylation of lysines 122 and 123 within p65 by p300 and PCAF reduces its affinity to κB-DNA, which favor its removal by IκBα and subsequent export to the cytoplasm.
These authors also observed the increase of p65 acetylated form in the cytoplasm in an IκBα-dependent manner. In addition, other post translational modifications such as phosphorylation seems to regulate the localization of p65 in the cell. The phosphorylation of p65 on serine 536 is predominantly found in the cytosol, while serine 468 phosphorylated p65 is mainly localized in the nucleus [85] . Furthermore, it has been shown that phosphorylation of p65 on serine 529 increases NF-κB transcriptional activity but does not affect nuclear translocation or DNA biding activity [86] .
Other SIRT1 targets are p65 and STAT3. Deacetylation of p65 inhibits NF-κB signaling, leading to inflammation suppression. However, NF-κB signaling also downregulates SIRT1 activity, indicating a level of crosstalk control [87] . The JAK/STAT pathway is significantly reduced by RESV treatment in our transcriptome. This pathway is important to inflammatory response activation, and the acetylation of STAT3 is needed for several functions of this protein. STAT3 deacetylation by SIRT1 leads to reduced cytokine production [88, 89] .
Several studies have shown that deacetylation of PGC-1α by SIRT1 increases the transcriptional activity of the former. This leads PGC-1α to act as a co-activator of NRF1 and GABPA, promoting mitochondrial biogenesis (for review see [90] ). However, NRF1 and GABPA were predicted as master regulators among the downregulated genes, and they are both downregulated in our transcriptome (4.3-and 2.1-fold downregulation, respectively). In fact, RESV can stimulate the activity of several deacetylases from sirtuin and HDAC protein families (reviewed in [20] ). SIRT7 is one of the sirtuins stimulated by RESV, which was described as being able to reduce SIRT1 activity by preventing SIRT1 autodeacetylation. This antagonistic effect of SIRT7 on SIRT1 was shown to be important in the signaling network required for maintenance of adipose tissue [91] . SIRT7 interacts with NRF1 and binds to the proximal promoters of mitochondrial ribosomal proteins (mRPs) and mitochondrial translation factors (mTFs), but not to other NRF1 targets, promoting gene repression and suggesting the suppression of mitochondrial proliferation. SIRT7 is highly expressed in the hematopoietic system and its inactivation induces mitochondrial protein folding stress and compromises the regenerative capacity of hematopoietic stem cells. In contrast, elevated levels of SIRT7 improved the regenerative capacity of these cells [92] . In addition, SIRT7 promotes deacetylation of GABPβ1, allowing the formation of the (GABPα/ GABPβ) 2 heterotetrameric complex and promoting mitochondrial homeostasis [93] . GABPα/GABPβ complexes are essential for the maintenance and differentiation of hematopoietic stem/progenitor cells, acting as activators or repressors of several genes [94] .
NRF1 and GABPA are also potential targets of APE1/Ref-1. Li et al. observed that NRF1 DNA-binding activity was impaired in the absence of APE1/Ref-1 redox function, causing decreased expression of NRF1 target genes [95] . Experimental evidence has indicated that the lack of aprataxin leads to decreased APE1/Ref-1 expression, which was related to the reduction in NRF1 and GABPA expression and mitochondrial dysfunction [96] . Together, these data suggest that APE1/Ref-1 regulates NRF1 and GABPA via both redox regulation and transcriptional control.
Besides acetylation, methylation appears to be another epigenetic modification affected by RESV. SIRT1 can repress the expression of inflammatory genes by deacetylating and activating suppressor of variegation 3-9 homolog 1 (SUV39H1) methyltransferase, which in turn causes the accumulation of trimethyl H3K9 [97] [98] [99] . In addition, RESV was able to inhibit LSD1 activity in a dose-dependent manner [100] . LSD1 protein is important in the demethylation of H3K9 [101] . In tumor cells, RESV treatment was able to decrease the enzymatic activities and mRNA levels of demethylases of the DNMT family (reviewed in [20] ). Herein, higher levels of H3K9 methylation after RESV treatment were observed, suggesting that methylation is involved in gene expression control. After stimulation with LPS, hyperacetylation of histones H3 and H4, and H3K9 demethylation were observed in monocytes, which correlated with the elevated level of transcriptional activity in these cells [102] . Conversely, the methylation of H3K9 is related to transcriptional repression by a mechanism involving histone deacetylation [103] .
In conclusion, our data indicate that treatment with RESV causes significant changes in the acetylation patterns of proteins, such as APE1/Ref-1, and in histone methylation, mainly affecting regulatory cascades mediated by NF-κB and JAK/STAT, which target genes related to inflammatory responses and gene expression. These results indicate that, in addition to its antioxidant activity, RESV exerts its influence over inflammatory responses via epigenetic mechanisms. NRF1 and GABPA seem to be the main regulators of the transcriptional profile observed after RESV treatment, which needs to be further investigated. 
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